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Abstract 23 
The aim of this research was to study the application of MIR spectroscopy as an 24 
alternative to conventional methods to determine fat and protein content. Samples of the 25 
main species used to produce meat products were analyzed, showing all of them 26 
absorption bands at similar wavenumbers though with different intensity. Correlation 27 
analysis of absorption intensities showed that bands around 2925 cm-1, 2854 cm-1 and 28 
1746 cm-1 are associated with fat content, whereas bands around 3288 cm-1, 1657 cm-1 29 
and 1542 cm-1 are associated with proteins. During the validation process, prediction 30 
models of fat and protein content were successfully obtained with R2 0.9173 and 31 
0.7534, respectively. Finally, a good result (R2 = 0.8829) was obtained on the 32 
estimation of the lipid content when the information at only one wavenumber was used. 33 
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Introduction 46 
Food production demands high standards in quality assurance and process 47 
control. Consequently, appropriate analytical tools for food analysis both during and 48 
after production are required to satisfy this demand. Desirable features of such tools 49 
include speed, precision, reliability, selectivity, ease-of-use, minimal or no sample 50 
preparation, avoidance of sample destruction and low cost (Karoui et al. 2010). 51 
Protein and fat content are two parameters that are usually controlled during 52 
meat production. At present, the protein content of a sample can be measured by 53 
different chemical methods such as the Kjeldahl method, which is the official standard 54 
(ISO 937-1978), Biuret, Lowry, or Bradford method. However, the chemical methods 55 
present several limitations, namely, time consumption and the production of a large 56 
amount of pollution residues during the main assay as well as during the required 57 
additional analyses. The fat content and the fatty acids profile can be measured by 58 
different chemical methods: Soxhlet extraction (ISO 1443-1973), Babcock, Gerber, or 59 
gas chromatography. Nevertheless, these methods have several shortcomings, such as 60 
time consumption, sample preparation and complex operations (Wu et al. 2008). 61 
To overcome the limitations of classical methods of protein and fat content 62 
analysis, alternative methods to determine the chemical composition are searched and 63 
desired. Among these methods, the infrared spectroscopy techniques emerge as 64 
promising candidates, offering at the same time a high analysis speed and 65 
environmental sustainability as they do not use any hazardous substances for the 66 
environment (Wu et al. 2008). Near infrared (NIR) spectroscopy is already widely used 67 
in processing operations to determine protein, fat and other compounds (moisture, 68 
carbohydrates) content (Wold et al. 2011). However, the number of food products is 69 
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still limited. For instance, the Foss Foodscan equipment, a specific meat analyzer, gives 70 
good results with little sample preparation. Nevertheless, NIR spectra are more 71 
complex, their signal is poorer and they have a higher number of overlaps compared to 72 
the Mid-Infrared (MIR) ones (Sun 2009). However, this part of the spectrum is not 73 
commonly employed to determine the fat and protein content of meat samples.  74 
The Fourier-Transform Mid-Infrared (FT-MIR) spectroscopy has already been 75 
used for the detection of microbiologically spoiled or contaminated meat products, for 76 
the authentication of the production method, specially the animals type of breeding, and 77 
for the detection of meat adulterations (Karoui et al. 2010). Al Jowder et al. (1997) 78 
proposed to differentiate between raw minced chicken, pork and turkey meats using 79 
Principal Component Analysis (PCA). Later, the same authors succeeded in 80 
differentiating between muscle and offal tissue samples, as well as in detecting 81 
adulteration of raw and cooked beef containing 20 % adulterants (Al-Jowder et al. 1999; 82 
Al-Jowder et al. 2002). In 1997, Rannou and Downey also performed a study where 83 
they tried to identify samples of pork, chicken and turkey using NIR, MIR and the 84 
combination of both spectral information. These authors suggested that the models 85 
produced by MIR data appear to be less accurate than those obtained from NIR spectra 86 
although the reduced number of principal components used by the former may suggest a 87 
potentially more robust model. Moreover, Ellis et al. (2002) explored the use of FT-88 
MIR measurements to improve the accuracy and speed of the detection of microbial 89 
spoilage in meat. Their study involved comminuted chicken breasts, which were left to 90 
spoil at room temperature for 24 hours. Each hour the FT-MIR measurements were 91 
collected and the authors reported that absorbance peaks between 1500 and 700 cm-1 92 
were positively correlated with spoilage, although no single peak was obvious. 93 
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Currently, most investigations are focused on the development of a technique to detect 94 
very small amounts of adulterant. An example of this is the investigation developed by 95 
Meza-Marquez et al. (2012) in which detection of the adulteration of meat with 96 
clenbuterol was investigated. 97 
The objective of the present study was to propose a new method based on MIR 98 
for simultaneous quantification of fat and protein content. 99 
Materials and methods 100 
Sample preparation 101 
Samples with different protein and fat content belonging to several animal 102 
species (beef, chicken, cow, fighting bull, foal, hen, lamb, pork, rabbit and turkey) were 103 
analyzed. The total number of samples employed was 28 and they were acquired in a 104 
local butcher’s shop from an EU-licensed commercial abattoir. Samples were first 105 
cleaned removing the remaining skin and fat that could interfere in the analysis and they 106 
were minced by a Solac Quick Mix (N202 of 500 W) mincer to homogenize them. After 107 
that, samples were divided in two fractions, one for the chemical composition analysis 108 
and the other one for the FT-MIR spectroscopy analysis, and kept frozen in the 109 
laboratory freezers at -20 oC until they were analyzed. Before the analysis, samples 110 
were gently thawed at 4 oC for 24 hours. 111 
The chemical composition of the meat samples under study was obtained using 112 
the official reference methods for total fat (ISO 1443-1973), protein (ISO 937-1978), 113 
and moisture content (ISO 1442-1973). 114 
For the spectral analysis, the KBr-pressed-disc technique was used with 2.0 mg 115 
of sample dispersed in 198 mg of KBr. Due to the high percentage of moisture in meat 116 
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and the high intensity absorbance of the bands that appeared with the vibration of the 117 
water bonds, samples were dried in order to be able to observe the specific bands from 118 
protein and lipids in more detail. The discs were dried in a furnace at 105 °C for at least 119 
8 hours. To verify that this drying time was enough, a blank sample of KBr was 120 
prepared and measured using the same procedure as the samples, checking that the 121 
absorbance of bands related to water was negligible. Each meat sample was analyzed in 122 
duplicate. Bovine serum albumin (96 % purity, Sigma Aldrich) and foal fat were also 123 
analyzed to obtain the specific bands of the protein and lipid compounds.  124 
Spectra acquisition 125 
Fourier-transform infrared (FTIR) spectra were acquired using a Bruker FTIR 126 
Vertex 80v spectrometer (Ettlingen, Germany). The spectrometer was equipped with a 127 
Globar source (operation bandwidth, 6000 - 50 cm-1), a beamsplitter of KBr (10000 – 128 
400 cm-1) and DLaTGS detector (10000 - 250 cm-1). All measurements (backgrounds 129 
and samples) were done in vacuum conditions so as to avoid adsorption due to 130 
atmospheric gases. For each sample, 32 scans in the 4000–400 cm-1 spectral range were 131 
recorded with a resolution of 4 cm-1. 132 
The reliance of the preparation of the samples with the KBr-pressed-disc 133 
technique and the drying process was checked by comparing the response of the couple 134 
of discs of each sample. The wavenumbers with higher absorption intensities were 135 
selected and the standard deviation between the pair of absorption intensities was 136 
calculated. 137 
138 
Data analysis 139 
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The chemical bonds associated with each peak of the FTIR spectra were 140 
determined by analyzing fat and protein samples, by correlations among the bands with 141 
larger intensity, and by comparing the wavenumbers with the literature (Table 2). 142 
Then, the analysis was particularized to the fat and protein content of the 143 
samples and prediction models were built, using the results obtained by the standard 144 
methods (ISO 1443-1973 and ISO 937-1978) as reference values. The models were 145 
built using a specific program of chemometrics, OPUS Quant 2 (Bruker, Ettlingen, 146 
Germany). The calibration models were developed using the Partial Least Square (PLS) 147 
regression method and validated by cross-validation. The main advantage of cross-148 
validation is that a small number of samples are required because the same set of 149 
samples is used to calibrate and validate the method. Before starting the calibration, one 150 
sample is excluded from the entity of samples and the remaining samples are used to 151 
calibrate the system. Once the model is built, it is tested using the excluded sample. 152 
Then, the cycle is repeated separating a different sample until all samples have been 153 
used for validation once. The optimum number of factors in the PLS calibration models 154 
was indicated by the lowest number that gave the minimum value of the root mean 155 
square error (RMSE) in cross validation, in order to avoid overfitting of the models. In 156 
each variable analyzed, the range of wavenumbers with more information in their 157 
absorbance and the best pre-treatment method were selected using the OPUS Quant 2 158 
program. These models enable a quantitative estimation of the fat and protein content of 159 
the different samples depending on the absorbance intensity. 160 
Finally, to simplify the prediction models, the possibility of a more direct way of 161 
obtaining the protein and lipid content of the samples was studied. For that reason, the 162 
absorption values at four different wavenumbers were selected: 2925 and 1744 cm-1 163 
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related to the fat content and, 1657 and 1542 cm-1 related to the protein content. The 164 
selection was performed based on the literature (Table 2) and on the information 165 
obtained from analyzing fat and protein samples. In all cases, the spectral information 166 
was not pre-processed and the prediction models built were cross-validated. 167 
Results and discussion 168 
Chemical composition of the samples 169 
Table 1 includes average values, standard deviation, as well as highest and 170 
lowest value for fat, protein, and moisture content of the samples. The data was sorted 171 
out following an increasing fat content. The average fat content varied from a minimum 172 
value of 1.10 % for hen to a maximum of 9.60 % for cow. The fat content showed more 173 
variability than moisture or protein content, both for a given animal or among animals. 174 
These differences can be explained by several factors, including gender, age at 175 
slaughtering, or the type of breeding and feeding that the animal had followed (De Smet 176 
et al. 2004). Protein content ranged from 18.30% for lamb to 23.60% for foal, being 3.2 177 
% the highest difference in the protein concentration within the same type of animal. 178 
Moisture content varied from 69.40% for cow meat to 75.10% for turkey, and the 179 
largest difference between samples of the same specie was found in lamb meat (7.8 %). 180 
Assignment of the representative bands of the meat FTIR spectra 181 
Figure 1 shows the average spectra of the samples analyzed. All have absorption 182 
bands at similar wavenumbers but different intensity, which denotes the same 183 
components but different concentration. The FTIR spectra can be divided in two parts. 184 
The first one, between 3750 cm-1 and 2750 cm-1, corresponds to the vibrational 185 
resonances of bonds that contain hydrogen atoms, such as C-H, O-H and N-H. The 186 
9 
range between 1900 cm-1 and 400 cm-1 is associated with stretching vibrations of C=C, 187 
C=O, C-C, C-N, C-O, and C-O; bending and twisting resonance modes; and it also 188 
includes the fingerprint region from 1500 cm-1 to 400 cm-1 (Al-Jowder et al. 1999; 189 
Karoui et al. 2010). The assignment of representative bands (Table 2) was performed by 190 
analyzing fat and protein samples, correlation matrixes and taking into account literature 191 
(Pretsch et al. 2000; Skoog et al. 2008). 192 
Figure 2 shows the FTIR spectra of the fat (foal fat) and protein (bovine serum 193 
album) samples that have been normalized to the maximum in each case to facilitate the 194 
comparison. The lipid spectrum from the foal fat sample confirmed that bands at 2925 195 
cm-1, 2854 cm-1 and 1746 cm-1 are associated with fats. In the protein spectrum, high 196 
absorption intensities appear at 3288 cm-1, 1657 cm-1 and 1542 cm-1. In contrast, this 197 
figure shows that the normalized absorption spectrum of beef is more complex than 198 
those for foal fat and bovine serum album. The beef spectrum had peaks corresponding 199 
to both protein and lipid characteristic bond vibration modes, as expected. 200 
In addition, the peaks between 3500 cm-1 and 3000 cm-1 can be associated with 201 
the proteins since they do not appear in the lipid spectrum. In a similar way, the peaks 202 
between 3000 cm-1 and 1746 cm-1 can be associated with the lipids because they do not 203 
appear in the protein spectrum. Finally, the peaks around 1657 and 1542 cm-1 can be 204 
associated with the proteins as they do not appear in the lipid spectrum. The rest of 205 
spectral peaks appear both in the lipid and protein absorption spectra, so they cannot be 206 
definitely identified either with proteins or lipids. 207 
To confirm these relationships, a correlation matrix analysis using the 208 
absorbance at the relevant wavenumbers was performed to differentiate them (Table 3). 209 
The level of significance was set at 0.05 for all the correlations performed. The 210 
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absorbance ~3288 cm-1 was positively related to the peaks ~1657 cm-1 (0.97) and ~1542 211 
cm-1 (0.99). This correlation agrees with the results obtained in the spectra analysis. 212 
Previous studies showed that the broad band of moderate intensity that appears around 213 
3288 cm-1 is associated with the stretching vibration of N-H bonds typical from the 214 
protein amino acids. If samples are not dried, the N-H bond band can be masked by the 215 
water hydroxyl (O-H) bond vibration. Moreover, the band ~1657 cm-1 is related to the 216 
N-H bonds vibration of protein amino groups and the alkenes double bond (C=C) 217 
stretching vibration. The band at 1542 cm-1 is associated with the amides II, a mixture 218 
of N-H bond bending and C-H bond stretching vibration (Carbonaro and Nucara 2010; 219 
Hernández-Martínez 2013; Meza-Márquez 2010; Papadopoulou 2011; Rohman 2011; 220 
Shiroma and Rodriguez-Solona 2009; Wu et al. 2008). 221 
The absorbance ~2925 cm-1 was correlated with the signals present ~2854 cm-1 222 
(0.96), 1746 cm-1 (0.96) and 1162 cm-1 (0.96). According to several authors, these 223 
wavenumbers are related to typical vibration modes of the lipids fatty acids. The signals 224 
at ~2925 cm-1 and ~2854 cm-1 correspond to the symmetric and asymmetric stretching 225 
vibration of C-H bonds, respectively. These bonds are typical of the methyl (CH3) and 226 
methylene (CH2) groups in proteins and fatty acids. And the narrow peak ~1746 cm
-1 is 227 
associated with the stretching vibration of carbonyl bond of esters and free fatty acids 228 
(Guillen 2000; Hernández-Martínez 2013; Ordoudi et al. 2014; Papadopoulou 2011; 229 
Rohman 2011; Shiroma and Rodriguez-Solona 2009). 230 
This correlation matrix (Table 3) confirms the existence of different isolated 231 
vibration modes that enable the identification of the lipid and protein molecules of the 232 
meat samples. Also, a new investigation line can be developed with a possible 233 
quantification of these substances in a faster way. 234 
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However, even though the rest of bands in the range have minor absorption 235 
intensities than those described above and cannot be associated either to the protein or 236 
the lipid content of the samples, they provide key information. For example, the 237 
different bands which appear around 3000 cm-1 are related to different C-H bond 238 
vibration modes. The low intensity signal at 3006 cm-1 is associated with the C-H bond 239 
vibration of the unsaturated fatty acids cis double bond (C=CH). The peak ~1465 cm-1 240 
is associated with scissoring bending vibration mode of C-H bonds. The band ~1379 241 
cm-1 is related to the fatty acids carboxyl group (COO-) and the amino acids side-242 
chains. The band at 1239 cm-1 is related to two different functional groups: the C-N 243 
bond stretching vibration and the N-H bond bending vibration. In a similar way, the 244 
peak around 1162 cm-1 is associated with the C-O bonds stretching vibration and the C-245 
H bonds bending vibration. The peak at 1117 cm-1 is assigned to bending and twisting 246 
vibration of the fatty acids. 247 
 Several closely packed peaks of low absorption intensity appeared between 1000 248 
cm-1 and 400 cm-1. From all of them, the peak ~721 cm-1 is highlighted because of its 249 
higher intensity. This peak is caused by the overlapping of the methylene (-CH2) 250 
rocking vibration and the out of plane vibration of cis-disubstituted olefins. These bonds 251 
that are typical from the alkenes have a cis conformation. 252 
Precision of the spectral measurements 253 
As it has been stated in the material and methods section, two different discs of 254 
each sample were prepared and measured to validate the KBr-press-disc method. Figure 255 
3 shows the two spectra of the same lamb sample and in Table 4 the relative standard 256 
deviation of the higher absorption intensities are compared. As it can be observed on 257 
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this table, a relative standard deviation of absorbance between 0.13 % at ~1116 cm-1 and 258 
4.80 % at ~1656 cm-1 was obtained, evidencing the high repeatability of the technique. 259 
Estimation of the fat and protein content of the samples. Calibration and validation 260 
results. 261 
Regression models were built to estimate the fat and protein content of the 262 
samples analyzed from the spectral information. A summary of the results obtained in 263 
each model is shown in Table 5 and Figure 4 shows the correlation between the values 264 
determined by reference analysis and the values predicted by MIR spectroscopy for the 265 
lipid and protein content. 266 
In the fat model, a multiplicative scatter correction of the spectral information 267 
was chosen during the optimization process and the following wavenumbers related 268 
with the fat content of the samples were selected: 3000-2800 cm-1, 2300-1850 cm-1 and 269 
981-489 cm-1. In this model, it was necessary to employ 11 factors, obtaining in the 270 
validation process a determination coefficient (R2) of 91.73 % and a root mean square 271 
error of cross validation (RMSECV) of 0.711. As the R2 value was greater than 90 %, 272 
the model can be used to predict the fat content of meat and meat products. 273 
Regarding the protein model, the wavenumbers between 3200-2999 cm-1 and 274 
1951-1850 cm-1 were selected to obtain the regression line due to its relation with the 275 
protein content of the samples. Also, by using the optimizer it was determined that it 276 
was necessary to obtain the first derivate of the different samples spectra. Using 9 277 
factors, a 75.34 % determination coefficient (R2) was obtained and the root mean square 278 
error was 0.934. 279 
Figure 5 shows the results obtained for the prediction models when only the 280 
absorption intensity at one wavenumber was used. For the fat content, the determination 281 
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coefficient (R2) obtained during the cross-validation process with the first absorption 282 
intensity (2925 cm-1) was 88.29 %. In the second case (1744 cm-1), this coefficient was 283 
83.44 %. In both cases the results were not as good as the ones obtained with Opus 284 
Quant 2 (Bruker, Ettlingen, Germany). However, the R2 coefficients were high enough 285 
to consider the model accurate to predict the fat content of the samples. 286 
A similar analysis was performed with absorption intensities at wavenumbers 287 
typical from the proteins bonds (1657 and 1542 cm-1). However, the determination 288 
coefficients were not high enough to consider the method accurate. The absence of a 289 
correlation can be attributed to the effect of the protein environment on the amide bands 290 
because the hydrogen bonds are sensitive to protein concentration and ionic strength of 291 
the media (Etzion et al. 2004). 292 
Conclusion 293 
The results of this research show that FT-MIR is a suitable technique to estimate 294 
the fat content of meat samples. Moreover, using the information of the absorption 295 
intensity at only one wavenumber, the lipid content of the samples can also be estimated 296 
with good accuracy using a simplified method. However, the results obtained for the 297 
protein content are less accurate because it ranges less than the lipids contents in the 298 
different animal species. Nevertheless, both prediction models can be improved with the 299 
analysis of an increase number of samples. 300 
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Fig. 1. Meat samples FTIR spectra 
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Fig. 2. Normalized lipid, protein and meat (beef) FTIR spectra 
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Fig. 3. Spectra of the duplicates of the same lamb sample 
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Fig. 4. Regression lines between reference values and MIR predictions for fat and 
protein content 
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Fig. 5. Regression lines between reference values and MIR predictions for fat content at 
two selected wavenumbers (2925 and 1744 cm-1) 
  a) 2925 cm-1 
 
 
  b) 1744 cm-1 
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R2calibration = 91.21 
R2validation = 88.29 
RMSECV = 0.829 
Number of factors = 3 
R2calibration = 87.88 
R2validation = 83.44 
RMSECV = 0.986 
Number of factors = 3 
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Table 1. Moisture, protein and fat content of the samples (mean ± standard deviation; 
minimum and maximum values) 
Type of animal Moisture (%) Protein (%) Fat (%) 
Hen 71.60a 25.70a  1.10a 
Chicken 74.87 ± 0.21 (75.1-74.7) 22.90 ± 0.46 (22.5-23.4) 1.23 ± 0.15 (1.1-1.4) 
Beef 74.50 ± 0.96 (73.4-75.2) 20.87 ± 1.10 (19.6-21.6) 1.97 ± 1.10 (1.1-3.2) 
Turkey 75.10a 20.20a 2.90a 
Fighting bull 72.77 ± 1.19 (71.2-74.1) 22.98 ± 0.73 (21.9-24.1) 3.28 ± 1.44 (1.9-5.3) 
Pork 72.57 ± 0.95 (71.6-73.5) 21.77 ± 1.67 (19.9-23.1) 4.62 ± 1.23 (3.5-5.9) 
Foal 71.36 ± 0.89 (70.0-72.1) 23.60 ± 0.95 (22.4-24.7) 5.22 ± 1.27 (3.4-6.4) 
Lamb 73.30 ± 3.99 (68.9-76.7) 18.30 ± 0.30 (18.0-18.6) 6.73 ± 4.31 (2.9-11.4) 
Rabbit 70.50a 21.30a 7.20a 
Cow 69.40a 19.60a 9.60a 
aonly one sample was analyzed 
 
 
 
 
 
 
 
 
 
 
Table Click here to download Table Tbls.docx 
2 
 
Table 2. Wavenumbers assignment to the chemical functional groups according to 
bibliography 
Wavenumber (cm-1) Functional group Bibliography 
3288 N-H stretching  (Carbonaro and Nucara 2010; 
Hernández-Martínez 2013) 
3006 CH stretching vibration in cis double 
bond =CH; unsaturated fatty acids 
(Arce 2009; Guillen 2000; 
Rohman 2011; Shiroma and 
Rodriguez-Solona 2009) 
2925 C-H asymmetric stretching of CH2 and 
CH3; aliphatic groups  
(Arce 2009; Hernández-
Martínez 2013; Ordoudi et al. 
2014; Rohman 2011; Shiroma 
and Rodriguez-Solona 2009) 
2854 C-H symmetric stretching of CH2 and 
CH3; aliphatic groups 
(Arce 2009; Hernández-
Martínez 2013; Ordoudi et al. 
2014; Rohman 2011; Shiroma 
and Rodriguez-Solona 2009)  
1746 C=O stretching of esters: free fatty acids (Arce 2009; Guillen 2000; 
Ordoudi et al. 2014; 
Papadopoulou 2011; Rohman 
2011; Shiroma and Rodriguez-
Solona 2009)  
1657 C-N stretching vibration: proteins (Shiroma and Rodriguez-Solona 
2009)  
C=C stretching vibration; cis-olefins (Rohman 2011; Shiroma and 
Rodriguez-Solona 2009) 
C=O stretching (Amide I) of proteins (Carbonaro and Nucara 2010; 
Hernández-Martínez 2013; 
Meza-Márquez 2010; 
Papadopoulou 2011; Wu et al. 
2009)  
1542 N-H bending and C-N stretching (Amide 
II) of proteins 
(Alamprese et al. 2013; 
Hernández-Martínez 2013; 
Meza-Márquez 2010; 
Papadopoulou 2011)   
1465 C-H scissoring vibration (Alamprese et al. 2013; Arce 
2009; Hernández-Martínez 
2013; Meza-Márquez 2010; 
Papadopoulou 2011; Rohman 
2011)  
1379 COO- stretching vibration of fatty acids 
and amino side chains 
(Hernández-Martínez 2013; 
Meza-Márquez 2010; Rohman 
2011)  
1239 CN stretching vibration; NH bending 
vibration 
(Carbonaro and Nucara 2010; 
Hernández-Martínez 2013; 
Papadopoulou 2011)  
1162 C-O stretching vibration y C-H bending (Arce 2009; Hernández-
Martínez 2013; Meza-Márquez 
2010) 
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1117 -CH bending and –CH deformation 
vibrations of fatty acids 
(Rohman 2011)  
721 Overlapping of the methylene (-CH2) 
rocking vibration and to the out of plane 
vibration of cis-disubstituted olefins 
(Arce 2009; Rohman 2011; 
Shiroma and Rodriguez-Solona 
2009) 
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Table 3. Correlation analysis of absorbance at selected wavenumbersa.   
  3288 3006 2925 2854 1746 1657 1542 1465 1379 1239 1162 1117 721 
3288 1.00 
            3006 0.26 1.00 
           2925 -0.04 0.54 1.00 
          2854 -0.04 0.51 0.96 1.00 
         1746 -0.18 0.62 0.96 0.90 1.00 
        1657 0.97 0.35 0.06 0.11 -0.07 1.00 
       1542 0.99 0.30 -0.01 0.03 -0.14 0.99 1.00 
      1465 0.54 0.53 0.77 0.72 0.66 0.58 0.55 1.00 
     1379 0.60 0.42 0.49 0.46 0.39 0.66 0.64 0.70 1.00 
    1239 0.52 0.59 0.78 0.70 0.70 0.57 0.55 0.94 0.78 1.00 
   1162 0.03 0.55 0.96 0.87 0.94 0.09 0.04 0.83 0.51 0.84 1.00 
  1117 0.30 0.57 0.87 0.90 0.80 0.41 0.33 0.90 0.62 0.84 0.86 1.00 
 721 0.66 0.49 0.49 0.44 0.39 0.70 0.68 0.80 0.90 0.81 0.56 0.66 1.00 
a level of significance fixed at 0.05. The significant correlations coefficients are showed 
in bold.   
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Table 4. Mean, standard deviation (SD) and relative standard deviation (RSD) of the 
absorption intensity at a selection of wavenumbers from the duplicate spectra of the 
same lamb sample 
Wavenumber (cm-1) Duplicate a Duplicate b Mean ± SD RSD (%) 
3288 0.225 0.213 0.219 ± 0.009 3.89 
2925 0.400 0.411 0.406 ± 0.008 1.86 
1656 0.386 0.361 0.374 ± 0.018 4.80 
1465 0.165 0.160 0.163 ± 0.003 1.83 
1238 0.146 0.141 0.143 ± 0.003 2.43 
1116 0.105 0.106 0.106 ± 0.000 0.13 
721 0.062 0.062 0.062 ± 0.000 0.78 
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Table 5. Calibration and validation results of the fat and protein models 
 
  Calibration Validation 
Parameters Factors Slope Interception R2 (%) RMSEEa Slope Interception R2 (%) RMSECVb RPDc 
Fat (%) 11 0.991 ± 0.013 0.036 ± 0.061 99.10 0.266 0.908 ± 0.038 0.397 ± 0.177 91.73 0.711 3.48 
Protein (%) 9 0.906 ± 0.040 2.078 ± 0.890 90.61 0.637 0.812 ± 0.063 4.127 ± 1.400 75.34 0.934 2.01 
aRoot Mean Square Error of Estimation, bRoot Mean Square Error of Cross Validation, cRegression Point Displacement 
 
